Abstract Implementing an effective climate policy is one of the main challenges for the future. Curbing greenhouse gas emissions can prevent future irreversible impacts of climate change. Climate policy is therefore crucial for present and future generations. Nonetheless, one may wonder whether future economic and social development could be harmed by climate policy. This paper addresses this question by examining recent developments in international climate policy and considering different levels of cooperation that may arise in light of the outcomes of the Conference of the Parties held in Doha. The paper analyses how various climate policy scenarios would enhance sustainability and whether there is a trade-off between climate policy and economic development and social cohesion. This is done by using a new comprehensive indicator, the FEEM Sustainability Index (FEEM SI), which aggregates several economic, social, and environmental indicators. The FEEM SI is built into a recursivedynamic computable general equilibrium model of the world economy, thus offering the possibility of projecting all indicators into the future and of delivering a perspective assessment of sustainability under different future climate policy scenarios. We find that the environmental component of sustainability improves at the regional and world level thanks to the implementation of climate policies. Overall sustainability increases in all scenarios since the economic and social components are affected negatively yet marginally. This analysis does not include explicitly climate change damages and this may lead to underestimating the benefits of policy Climatic Change (2016) 137:639-653 
International climate policy context
In 1997, the Kyoto Protocol committed most industrialised nations and some economies in transition (Annex I Parties) to reduce overall emissions of greenhouse gases (GHGs) by 5.2 % below 1990 levels between 2008 and 2012 (UNFCCC 2008 . Subsequent negotiations, aimed at establishing mitigation commitments after 2012, were characterised by strong disagreement among countries, involving in particular the differentiation between Annex I and non-Annex I Parties' commitments.
In addition, the Kyoto Protocol did not reach enough international consensus to achieve the abatement level necessary to mitigate future climate change. If governments do not take further action to stabilise GHG concentration in the atmosphere, the average temperature by the end of this century may increase between 1.5°C and 4.8°C (Clarke et al. 2014) . Further, delaying policy action will likely raise mitigation costs (Riahi et al. 2015) .
At the end of COP-15 in 2009, the BCopenhagen Accord^(UNFCCC 2009) did not manage to reach the expected outcome but launched a pledge-and-review process involving both developed and developing countries. In this context, major emitting nations submitted an emission reduction plan (all Annex I and 39 non-Annex I countries, including China and India) (UNFCCC 2011a (UNFCCC , 2011b .
However, little progress was made until 2011, when COP-17 in Durban launched a new negotiation stream with the objective to develop a new legal instrument applicable to all Parties, to be adopted by 2015 and to come into force in 2020 (UNFCCC 2011c). One year after, COP-18 in Doha finally established a second Kyoto commitment period (2013 Kyoto commitment period ( -2020 , even though not all countries joined this effort: Canada, Japan and Russia officially declared they did not intend to commit for a second period, while the US confirmed that they would not join the Kyoto Protocol.
The adoption of the long-awaited Paris Agreement in 2015, which allows each country to determine mitigation action at national level, officially proposed a bottom-up approach also for the post-2020 period. Before the new agreement becomes operative in 2020, the action in the coming years will rely on the second Kyoto commitment period for the few countries that adopted it, and on the voluntary pledges for the others.
Another important milestone for 2015, closely intertwined with climate policy ambitions, is the adoption by UN General Assembly of the 2030 Agenda for Sustainable Development (UN 2015) setting 17 Sustainable Development Goals (SDGs) to be achieved worldwide by 2030 by means of a global strategy. The dimensions considered by SDGs include poverty reduction, sustainable economic growth, environment preservation, and climate mitigation commitments as well. The two deals signed in 2015 constitute a landmark calling to join efforts for the achievement of a sustainable future.
Sustainability in a general equilibrium framework
Sustainability is a complex and multi-faceted concept embodying environmental, economic and social dimensions (WCED 1987) . A valid tool to measure sustainability is a set of indicators (Parris and Kates 2003; Kates et al. 2005; Singh and Gupta 2009) , given their synthetic properties, as well as their role in supporting policymaking and in facilitating public communication. The indicators' aggregation procedure is more controversial. However, an index built with a transparent aggregation methodology and complementary to its single components can summarise a wide range of information to facilitate policy design, assessment and implementation.
FEEM SI 1 summarises the three main components of sustainability (economy, society and environment) which, in turn, result from the aggregation of 19 theme-specific indicators from widely used international databases (Commission on Sustainable Development of the United Nations, EU Sustainable Development Strategy, and World Development Indicators from World Bank). Figure 1 illustrates the tree structure of FEEM SI.
FEEM SI builds on the recursive-dynamic computable general equilibrium (CGE) model ICES (Parrado and De Cian 2014; Eboli et al. 2010) , which represents a constraint for indicator selection but at the same time provides a platform to analyse future sustainability scenarios in a coherent framework. For this analysis, ICES yields results up to 2020, representing major countries as well as macro regions, and 17 economic sectors. ICES is characterised by n costminimising firms, a representative household maximising utility, and the government in each region. Its dynamics depend on endogenously determined capital and foreign debt as well as exogenous assumptions on productivity and population changes (IMF 2010; World Bank 2010; IEA 2010) .
CGE models can bring added value to the assessment of sustainability thanks to their flexible structure and the trade-off among different components they can capture. This is evident in a policy context, where an intervention in one country also influences other countries (not undertaking any policy) through trade relations and international spillovers (Boehringer and Loeschel 2004) .
To better capture all sustainability dimensions (in addition to the economic one), ICES was enhanced with satellite databases, a more detailed sectoral aggregation (Research and Development, education, private and public health, and renewables) and additional variables (water volumes, biodiversity loss, and energy access). The projections for these additional variables from external databases are derived linking them to endogenous variables in the model: demand of water services by agriculture, industry and households in the case of water volumes, CO 2 concentration in the case of biodiversity loss and gap from OECD average GDP per capita for energy access. ICES computes indicators for each country and simulation year. These are normalised to a common unit through target-oriented benchmarking functions, and weighted using experts' evaluations over a decision tree following the structure of Fig. 1 . These subjective weights cannot be seen as representative of a population given the low sample size (20 experts 2 ). The low variance in experts' valuations and a further aggregation process (the metric distance method) allow deriving some Bconsensus weights^. FEEM SI is computed combining the normalised indicators and the Bconsensus weights^through the Choquet integral (De Waegenaere and Wakker 2001; Murofushi et al. 1994; Cruciani et al. 2014) . Despite the controversy regarding the aggregate indices due to subjectivity in weighting and the inevitable loss of information, FEEM SI is a valid tool to communicate messages to policymakers and general public, but it has always to be judged along with the pool of underlying indicators.
3 Therefore, FEEM SI is an innovative policy-oriented sustainability index relying on a large database, capturing the trade-offs between different indicators and offering an ex-ante and policy-dependent assessment of sustainability.
Emission abatement scenarios
We run four mitigation scenarios starting in 2010 with the objective to assess possible outcomes of autonomous and coordinated efforts to curb GHG emissions by 2020 4 :
1. Low pledges (global ITS) scenario: the low abatement pledges submitted under the Copenhagen Accord are effective for a set of leading regions, from both Annex I and Annex II (Table 1 , second column). This scenario envisions a global international emission trading scheme (ITS), excluding China and India, which achieve their targets through a domestic carbon tax. 2. High pledges (global ITS) scenario: considers the high Copenhagen pledges (Table 1, fourth column) through a global ITS, except China and India implementing a domestic carbon tax. 3. Low pledges (EU ETS) scenario: only the European Union (EU27) is involved in a cooperative action adopting the European Emission Trading System (ETS); all other countries achieve their targets unilaterally with a domestic carbon tax. 4. Post-Doha scenario: considers the low Copenhagen pledges and the possible evolution after COP-18. US, Canada, Japan and Russia stay out of climate action until 2020; the US remain committed to their position to not join the Kyoto Protocol; Canada officially withdrew from the Kyoto Protocol and, consequently, will not take part in the second commitment period; Japan 5 and Russia also confirmed they will not participate in the second committing period under the Protocol. EU-27 achieves the low Copenhagen pledges, using the ETS, while other countries achieve this through a carbon tax. 
Targets and effective growth in the abatement scenarios
The outcome of different climate policies on CO 2 emission levels is evaluated compared to a Baseline. This scenario has been built following IMF (2010) economic projections, and it does not include any intervention to control CO 2 accumulation in the atmosphere. In the Baseline, global emissions almost double by 2020, compared to the 1990, with a growth of 94 % (Table 1 , first column). Table 1 summarises the effective growth of CO 2 emissions in each leading region of Annex I and non-Annex I, and an aggregate value for the Rest of the World 6 according to the targets and policy mechanisms characterising the four climate policy scenarios described above.
In the Low pledges (global ITS) scenario, many Annex I countries show higher emission growth with respect to their targets. Russia, Canada and South Africa, with lower abatement costs, accomplish higher abatement and sell permits to other countries. Emission growth in 2020 with respect to 1990 is +75 %. The overall outcome of this scenario is a reduction of emissions of 10 % compared to the baseline, where Annex I countries contribute with −26 % of CO 2 emissions and non-Annex I countries contribute with −6 %. The Rest of the World increases by 18 % their CO 2 emissions, raising the issue of carbon leakage.
The High pledges (global ITS) scenario leads to a total additional abatement of 14 % in 2020 compared to the baseline (+67 % with respect to 1990 levels), which translates into a − 30 % for Annex I, −13 % for non-Annex I and +22 % for Rest of the World. The stricter targets decrease emission levels, with highest efforts in Annex I countries and a consequent higher leakage effect in the Rest of the World.
In the Low pledges (EU ETS) scenario the EU27 is no longer able to purchase emission permits from other countries and must comply with the −20 % CO 2 mitigation target, instead of the observed −18 % of the Low pledges (global ITS) scenario.
In the last scenario, Post-Doha (EU ETS), global CO 2 emission growth with respect to 1990 is close to the baseline (+89 %). The EU persists in achieving the −20 % target, whereas, the rest of the Annex I countries increase their emissions (+34 % with respect to 1990). The non-Annex I aggregate presents similar results to the Low pledges (EU ETS) scenario (+29 % with respect to 1990) and carbon leakage slightly decreases in the Rest of the World (17 % with respect to 1990).
Although in 1990 Annex I countries emit more than the non-Annex I aggregate, the situation is reversed in all policy scenarios for 2020. The Rest of the World emissions are negligible in 1990, but represent nearly 20 % of the global CO 2 level in the 2020 baseline and tend to increase in all scenarios except the Post-Doha one. The Rest of the World shows a leakage effect, which increases with more ambitious pledges and a lower geographical coverage of emission trading.
Implementing mitigation policies implies direct and indirect mitigation costs. As expected, direct costs increase with the stringency of mitigation targets.
7 Indirect effects result from competitive interactions of economic activities. This latter component can be measured through the variation of GDP in 2020, with respect to the baseline. Figure 2 shows GDP in 2004 trillion US$, which helps to assess the magnitude of climate policy cost. 6 Rest of the World includes all countries not joining the Convention and few countries which are a part of the Convention but are included in a macro-region because of modelling purposes. 7 In the Low pledges (global ITS) scenario the CO 2 emission price is 89 US$ per Tons of CO 2 for all countries participating in the Kyoto Protocol (excluding China and India); in the High pledges (global ITS) scenario, it increases to 109 US$. When introducing the ETS for the sole European market and considering only the low pledges (Low pledges, EU ETS), the carbon price remains high (98 US$/T CO 2 ). In the Post-Doha scenario, the price decreases to 73 US$/T CO 2 .
GDP loss is higher with more ambitious pledges. However, a more drastic change occurs when fewer countries partecipate to emission trading. Countries such as New Zealand, Japan, Norway, Korea, Mexico and Brazil pay the rigidity of the carbon tax instrument. The PostDoha scenario determines an increase of GDP for Japan, Canada, USA and Russia, since they have no pledges. The other economies experience a generalised GDP loss comparable to the high pledge scenario. The only exceptions are Turkey and the Rest of the World, which do not have a target but have a lower leakage effect in this scenario. Figure 2 shows that GHG mitigation is extremely costly for Russia. GDP loss in percentage change is higher for nonAnnex I countries than for Annex I.
These climate mitigation strategies determine an overall GDP loss of between 0.4 and 0.8 % of 2020's World GDP. These costs are in line with the recent literature. For example, the LIMITS project inter-model comparison pinpoints a global GDP loss in the range of 0.34-0.40 % in the case of a weak climate policy and 0.53-0.79 % under a stringent climate policy (Kriegler et al. 2013) . 8 An important caveat is that the baseline scenario does not include the costs of inaction and the consequent needs to adapt to climate change. These have been extensively assessed in the literature (for recent reviews see IPCC 2014 and OECD 2015) . Recent studies have shown that mostly developing countries will have negative consequences due to climate change while high latitude countries could experience some benefits (Dellink et al. 2014; Bosello and Parrado 2014) . Mitigation efforts will also produce benefits from reduced climate impacts which could also offset mitigation costs depending on the country. This is an important point that must be bore in mind when analysing climate policies since, as we will discuss later, it may lead to underestimating the benefits of policy actions. 8 Elaboration from LIMITS Scenario database (public) (Version 1.0.0) https://tntcat.iiasa.ac.at/LIMITSPUBLICDB 9 Including these costs in the present analysis is difficult because the methodology requires an ensemble of several models contributing to an integrated assessment which is out of scope of the paper. The alternative would be to use impact and damage functions related to global warming but these stylised reduced forms are not available yet for the sectors, countries and macro-regions considered in this study. 
Sustainability under different climate mitigation policies
We now consider the effects of climate policy on the economic, social and environmental variables included in the model using FEEM SI, which has been calculated for each region and for the World as an aggregate (Fig. 3) .
In the baseline, World's sustainability decreases until 2017 and then experiences a feeble growth thanks to the economic recovery, coupled with a rise in environmental sustainability (carbon and energy intensity indicators). All policy scenarios determine an improvement of sustainability with respect to the baseline, which is negligible in the Post-Doha scenario but higher in the other scenarios. The stricter the climate policy, the higher the sustainability achieved.
As shown in panel a) of Fig. 3 , the Low pledges (global ITS / EU ETS) scenarios lead to a less drastic drop in sustainability, thanks to the improvement of environmental sustainability which balances the negative performance in the economic and social dimensions. At global level, the direct cost of climate policy in terms of GDP is insignificant. However, a more ambitious climate policy determines a higher drop in the economic pillar of sustainability. In particular, public debts increase due to a reduction in governments' revenues, driven by a domestic output shrinkage. The social pillar is also affected due to the contraction of available resources for education and health expenditures. There is a crowding out effect in public budgets when devoting resources to mitigation initiatives. The High pledges (EU ETS) scenario promotes the best outcome for sustainability, especially after 2017. Furthermore, Fig. 3 Values of FEEM SI and sustainability pillars at world level whereas results in the economic and social pillars are only slightly lower compared to the low pledges scenarios, the benefits to the environmental dimension of sustainability are significant. Figure 4 shows a consistent increase in the environmental component more than offsetting the decrease in the economic and social ones, leading to overall higher sustainability (with respect to the baseline).
10 More ambitious mitigation targets would lead to a more sustainable World in 2020. Further, the Post-Doha scenario shows a drastic contraction of the benefit for environmental sustainability and a related reduction of economic losses, which determine an overall sustainability close to the baseline one.
It is important to recall the fact that this analysis does not factor in the costs of inaction on climate change, therefore underestimating benefits of mitigating climate change. If we included these on the baseline, sustainability pillars should report lower scores due to negative effects of climate change (e.g. lower economic output in most regions, increasing health care needs, a more deteriorated environment). Consequently, benefits of climate policies would be higher due to a greater improvement in all sustainability pillars. Figure 5 shows detailed results for overall sustainability for four macro-regions: European Union, Rest of Annex I (excluding EU27), non-Annex I and Rest of the World. Most of EU27 countries see an improvement of their sustainability level between 1 and 2 %. Poland and Rest of EU are most positively affected by mitigation policies, achieving the highest emissions reduction among European countries at a low economic cost (they benefit from trading in the permit market). For Benelux and France, the benefit on the environmental pillar is nearly offset by economic and social losses.
In the Rest of Annex I aggregate, which includes the four non-committing countries in the Post-Doha scenario, the lack of a mitigation policy implies a lower sustainability than in the baseline scenario for Japan, Russia and USA or the replication of the baseline results in the case of Canada. Turkey, belonging to Annex I but with no pledge, is the only country that reduces its sustainability level in all policy scenarios.
Regarding the Non-Annex I aggregate (Fig. 5, panel c) , India is the only country negatively affected by climate policy. The target on emission intensity is not stringent for this country, therefore, environmental sustainability benefits only marginally from the implementation of the four policy scenarios, compared with a worsening situation in the economic and social pillars. Most of the other non-Annex I countries experience an improvement in their sustainability level in the Post-Doha scenario, since they comply with the abatement targets, without purchasing emission reduction permits as in the ITS scenarios. China is excluded from this pattern as it is hardly affected by mitigation interventions.
In the Rest of the World region and Turkey environmental deterioration plays a major role, reflecting a carbon leakage effect for countries without climate policies. Overall, the Rest of the World sees a stronger shrinking of their sustainability when mitigation is more ambitious and the leakage effect is larger. Figure 6 illustrates in detail changes in sustainability for USA, Canada, Japan and Russia, Italy and Turkey. USA's economic and social pillars are largely unaffected in all climate policy scenarios. While GDP per capita remains unchanged, environmental sustainability increases up to 45 %, thanks to mitigation policies. Moreover, in the Post-Doha scenario overall and environmental sustainability in the USA drop below baseline levels.
For Canada and Russia, phasing out mitigation pledges recreates the sustainability path of the baseline scenario; even if the economic pillar increases, the decrease in environmental sustainability offsets all economic benefits. Japan loses more than other countries in terms of overall sustainability, due to the drop in the environmental pillar. These results offer additional proof of the beneficial effect of emission control on countries' sustainability. Benefits are higher with stricter abatement targets. Countries would not gain when they withdraw from their pledges. Even though the cost of climate policy is lower, the negative performance of environmental indicators is more relevant in terms of sustainability than the positive economic benefits, leading to lower sustainability levels than in the baseline.
Conclusions
This paper proposes extending climate policy assessments to comprise ancillary costs and benefits on economic, social and environmental dimensions within an integrated framework considering implications on sustainability. It is important to further analyse the relevance of climate policy and its role in addressing climate-related environmental issues, without harnessing economic and social development. The analysis focuses on the effects on sustainability of a range of climate mitigation scenarios, inspired by the current state of climate negotiations.
This assessment uses FEEM SI, which summarises the economic, social and environmental components of sustainability in a set of composite indicators. FEEM SI is built within a Fig. 6 Percentage changes in FEEM SI and its components with respect to the baseline in 2020 for selected countries dynamic CGE model, allowing for scenario analysis, and thus, offering a useful instrument for evaluating climate policies and their impacts on future sustainability levels.
Our analysis illustrates that, despite the costs of meeting climate targets, sustainability is likely to increase thanks to the implementation of mitigation measures. The environmental component is affected positively, both at the regional and world levels. The economic and social components are less affected, even though negatively, and this loss rarely offsets the benefits. The more ambitious the pledges are, the more likely they will lead to higher performances of the environmental pillar and of overall sustainability. This analysis does not factor in the costs of inaction to climate change. Including them would show even more benefits on sustainability after implementing climate policies.
The most interesting insight stems from the analysis of the Post-Doha scenario, envisioning the non-commitment of Canada, USA, Japan and Russia. The lack of policy action leads to negative effects, at both the world and country levels. The four non-committing countries, which experience a benefit in both the High and Low pledges scenarios, loose their gains in the Post-Doha scenario, with a sustainability performance close to the one in the baseline scenario. These findings confirm that a no-climate-policy strategy would be costly and that mitigation efforts, even if fragmented, would contribute to increase sustainability.
Our results show how the cost of climate policy cannot be measured using only GDP. Climate policy has pervasive effects on economic, social and environmental variables. Analysing the underlying components of sustainability can be useful to improve the understanding of climate policy costs and benefits. The aggregation of these different elements into a set of composite indicators can help policymakers in comparing different scenarios and outcomes in order to establish priorities and adopting more informed decisions. Notwithstanding, a responsible assessment should not only rely on aggregated indexes, but also on underlying single indicators.
FEEM SI can be a useful tool in assessing future sustainability and the effects of policy measures. It can certainly be refined, for example increasing the number of experts used for the aggregation procedure. The adoption of the SDGs brings new opportunities to find innovative ways to assess sustainability in a policy evaluation context, to which our methodology can certainly contribute. The 2030 Agenda for Sustainable Development encourages the use of a broader range of indicators and extending the time frame of policy analysis. Future research will also consider more extensively climate change impacts on different sustainability dimensions, and introduce uncertainty underlying future socioeconomic scenarios.
